We have investigated the performance of a variety of density functional methods for weak intra-and intermolecular dispersion interactions. Grimme's empirical dispersion correction method is shown to give a good description for these interactions and helps to improve the description of water-hexamer isomers, noble-gas dimers, hydrocarbon C 12 H 12 isomers, branching energy of linear versus branched octane, dissociation of the covalently bound anthracene dimer, and stacking within the adenine dimer. However, the dispersion correction does not correct all shortcomings of the different density functionals, which leads to sizeable differences compared to ab initio CCSD(T) and experimental reference data. The only exception is shown to be our recently presented SSB-D functional that works well for all systems studied here. 
Introduction
The correct description of weak interactions (hydrogen-bonding, [1] [2] [3] [4] p-p stacking 5 ) is a challenge 6 for theoretical chemistry methods. Although highly accurate coupled cluster methods are available, [7] [8] [9] these are for everyday-use limited to small systems of up to 20-30 atoms. Moreover, the coupled cluster methods are for these systems only viable within single-point energy calculations, unless a large amount of computing resources is available. This was for instance the case in recent studies on the relative energies of water-hexamer isomers, 10, 11 where coupled cluster energies were obtained using MP2 geometries. On the other hand, density functional methods are much less computationally demanding, and much larger systems can be treated. However, the density functionals show in general a dramatic underestimation of these weak interactions. 1, 5 It had been argued 12 that these underestimations could be easily understood by looking at the exchange enhancement factor at large values of s (where s is the usual reduced density gradient), but we have recently shown that the situation is not that simple. That is, by using a switching function, 13 we showed that the p-p stacking and hydrogen-bonding energy are almost completely determined by the region with s \ 5 a.u.; this was already found indirectly by Wesolowski et al. 14 by comparing PW86 with PW91. Moreover, by applying and releasing the PBEx constraints 15 on PBE, OPBE, and OLYP, we saw 16 that there seems to be no correlation between the limiting values (at s 5 0 and s 5 1) of the enhancement factor and the weak interactions.
One of the more interesting manifestations of these challenging problems was a number of recent studies on the relative energies of different isomers of water-hexamer configurations. 10, 11 Benchmark data obtained at the coupled cluster CCSD(T) level with large basis sets 10 (CCSD(T)/aug 0 -cc-pVTZ// MP2/aug-cc-pVTZ) and extrapolations 11 to the complete basis set (CBS) limit have been reported, which were used for comparing the performance of several standard density functional methods. None of the density functionals included in these studies was able to correctly predict the relative energy ordering for this series of hexamers. 10 This failure of standard density functional methods was also shown by Grimme and coworkers to hold for two other systems (dimerization of anthracene, 17 branching energy of octane 18 ), where density functional methods were unable to give the correct sign of the reaction energy.
We have recently reported a new density functional (SSB-D) 19 that combines 13 the best of the nonempirical PBE functional 15 with the best of the empirical OPBE functional. 15, [20] [21] [22] Interestingly, it works excellently for the systems put forward by Grimme as difficult cases for density functional methods, 17, 18 where not only the sign for the interaction energy was predicted correctly but also the absolute value. 19 That is, our predicted values of 110.6 kcal mol 21 for the dissociation energy of the anthracene-dimer and 12.1 kcal mol 21 for the branching energy of octane are within 1 kcal mol 21 from the best ab initio and experimental results (9 6 3 kcal mol 21 and 1.9 6 0.5 kcal mol 21 for the anthracene and octane systems, respectively). Similarly, a small deviation of 0.5 kcal mol
21
was found for the S22 set 23 by Hobza and coworkers, which is a set that contains reference energies at the CCSD(T) level for weakly interacting systems. This good behavior of our SSB-D functional is in part due to the inclusion of Grimme's dispersion correction, 24, 25 but also because of the good performance of the nonempirical PBE functional for hydrogen-bonding interactions. 16 Note that here we still use the ''D2'' dispersion correction, and not yet the ''D3'' correction that has recently become available. 26 This good behavior of SSB-D was not only shown for weak interactions but also for spin-state splittings of iron complexes, 19 accuracy of geometries for both main-element compounds and transition-metal complexes, 19 reaction barriers, 19, 27 the polymerization mechanism in a-diimine iron catalysts, 30 and NMR nuclear shieldings. 31 Note that the SSB-D functional is only a minor correction to PBE, with parameters that are within 10% of the PBE parameters (see Table 1 ). Given in eq.
(1) is the exchange enhancement factor for both PBE and SSB-D, with the full SSB-D energy expression given in the Supporting Information.
For the SSB-D functional, we had taken the Grimme approach, 24, 25 where the only parameter in the dispersion correction that was allowed to change is the s 6 parameter [see eq. (2)], whereas the a and r 0 parameters were left at their original values of 20 and 1.1, respectively (the R ref,i are atom-specific radii obtained by Grimme from ROHF/TZV calculations 24, 25 ) . Note that for SSB-D, this s 6 value (0.847455 for SSB-D) was optimized simultaneously with the other parameters and not adapted afterward, as is usually the case for other density functionals.
However, in several studies, 32, 33 it was argued that adjusting s 6 would ruin the long-range attractive force, i.e., it would either make the attractive forces too weak (s 6 \1) or too strong (s 6 [1) . Therefore, it was suggested to set the s 6 parameter to 1 and adjust the r 0 parameter instead for the different functionals; the PBEsol-D functional is a recent example of this latter line of thought (which gave an r 0 value of 1.42). Here, we follow the same procedure and report the revised SSB-D functional (revSSB-D), where s 6 was set to 1, and r 0 allowed to adjust simultaneously with the other parameters (see Table 1 ; a full description of the performance of revSSB-D for standard benchmark systems is given in the Supporting Information; see also ref. 19 for the performance of SSB-D). Similar to our procedure for SSB-D, we used several constraints on the parameters, e.g., to satisfy the Lieb-Oxford bound and to reduce the number of parameters (six for SSB-D and revSSB-D).
Here, we report the application of our SSB-D and revSSB-D functionals to a number of systems where weak interactions are important. In particular, we have studied the six isomers of water-hexamer systems, dimers of noble gases, 12 isomers of C 12 H 12 hydrocarbons, Grimme's difficult systems (branching energy of octane, dimerization of anthracene), and the stacking of adenine dimers. For all of these systems, accurate reference data at the CCSD(T) level are available, either from the literature or calculated here.
Computational Details
Most of the density functional calculations have been performed with a locally modified version of NWChem 5.1.1 34 (to include the SSB-D, revSSB-D, PBEsol, and PBEsol-D functionals), whereas Gaussian09 35 was used for the B2PLYP and B2PLYP-D functionals. For the noble-gas dimers with their very shallow energy profiles, use was made of QUILD 36 because of its superior geometry optimization routines. 37 The MP2/aug 0 -cc-pVTZ geometry of the C 12 H 12 isomers were obtained with NWChem, while the subsequent single-point coupled cluster calculations have been performed with the CFOUR program (version 1.2). 38, 39 A variety of Dunning's correlation consistent basis sets have been used, ranging from cc-pVDZ and cc-pVTZ for the CCSD(T) energy calculations (and cc-pVQZ for the RHF CBS extrapolation) in the case of the C 12 H 12 isomers, to aug-ccpVQZ for the noble-gas dimers, to aug 0 -cc-pVTZ for the other systems such as the water-hexamer isomers. The latter basis set consists of aug-cc-pVTZ on the non-hydrogen atoms combined with cc-pVTZ on H.
For most systems, we did not take basis set superposition error (BSSE) corrections into account, for two reasons. First, because the reference energies of those systems (mostly at CCSD(T) level) were also not corrected for BSSE. Second, the basis set used here mostly (aug 0 -cc-pVTZ) is for the density functionals very close to the basis set limit. The only exception has been the adenine dimer for which the reference CBS(T) energies had been obtained with BSSE corrections, and therefore, we have done the same here.
Results and Discussion
The relative energies for six different isomers of water-hexamer systems (see Scheme 1) were studied by Truhlar and coworkers using the aug 0 -cc-pVTZ basis, 10 and subsequently extrapolated to the CBS limit by Bates and Tschumper. 11 It is worth noting that for the book and boat conformations, there is at least another possible less stable isomer not considered here. The extrapolation to the CBS limit resulted in energy changes of less than 0.05 kcal mol
21
; therefore, for these water hexamers, the aug 0 -cc-pVTZ is sufficiently large. All six isomers are found within a range of 2.9 kcal mol
, with the difference between the most stable isomer (prism, see Scheme 1) and the second-most stable (cage) being only 0.2 kcal mol 21 at CCSD(T)/aug 0 -cc-pVTZ. 10 Relatively narrow ranges were also observed for several density functional methods, but with even smaller values of e.g. 1.8 kcal mol 21 for PBE/MG3S (see Table 2 ). On the other hand, other density functionals showed a much larger range such as M06-2X/MG3S with 5.5 kcal mol
. More importantly, almost all density functionals were unable to recognize the prism isomer as the most stable one, with the exception of the Minnesota functionals mPWB1K, PWB6K, M05-2X, and M06-2X. 10 However, the former two did not predict the correct order of the isomers (see Table 2 ), whereas the latter two functionals severely overestimated the energy differences with a total energy range of 4.7 kcal mol 21 (M05-2X) and 5.5 kcal mol 21 (M06-2X). These latter ranges are almost twice as large as the CCSD(T) range. Truhlar and coworkers showed that the density functionals gave geometries that are similar to the MP2 geometry; therefore, we have taken the same approach here and computed only single-point energies using the MP2 geometries, which can then be compared directly to the CCSD(T) energy.
The deviation of the density functional data from the CCSD(T) energies reported in ref. 10 is partly due to the basis sets used by Truhlar and coworkers for the density functional calculations (6-3111G(2d,2p), aug 0 -cc-pVTZ, MG3S), which are different from the one used (aug 0 -cc-pVTZ) for the MP2 and CCSD(T) calculations. 10 For instance, the BLYP data differed by up to 0.6 kcal mol 21 between the 6-3111G(2d,2p) and the MG3S basis sets, whereas the PBE data even differed up to 1 kcal mol 21 (but this is probably partly due to a typographical error in ref.
10, vide infra).
Given the small range observed for the relative energies (of up to 3 kcal mol 21 ), the use of the other basis sets is not satisfactory.
Scheme 1.
The six water-hexamer isomers considered.
Here, we have used the aug 0 -cc-pVTZ basis set that was also used for MP2 and CCSD(T) to allow for a better comparison. Results obtained with this basis showed differences in relative energies for PBE and BLYP between 0.5 and 0.8 kcal mol 21 compared to either the 6-3111G(2d,2p) or the MG3S basis sets. Likewise, for PBE, we have also tested the aug-cc-pVTZ basis set, which gives differences of less than 0.05 kcal mol 21 from the results with the aug 0 -cc-pVTZ basis. The PBE/aug-cc-pVTZ data reported in ref. 10 are very different from our PBE energies with either the aug 0 -cc-pVTZ or the aug-cc-pVTZ basis set and are instead more similar to the B3LYP/MG3S data. Therefore, it is most likely that there has been a typographical error for the ''PBE/aug-cc-pVTZ'' data in ref. 10 .
Our results with the aug 0 -cc-pVTZ basis set (see Table 2 ) show that one of the most important contributions to the interaction energies of the water hexamers is obtained by Grimme's dispersion correction. That is, none of the density functionals without it (including the double hybrid B2PLYP), is able to correctly predict the relative energies for these systems. For instance, the nonempirical PBE functional that usually performs well for hydrogen-bonded systems, predicts almost the same energy for the prism, book, and bag isomers. At the CCSD(T) level, these latter two isomers are found at, respectively, 0.7 and 1.6 kcal mol 21 above the most stable prism isomer. The inclusion of dispersion corrections improves the performance of the different functionals (see Table 2 ), but it does not correct all shortcomings. For instance, the PBE-D and PBEsol-D functionals still give the wrong ordering for the isomers, BLYP-D increases the separation between the prism and cage isomers to 0.8 kcal mol 21 (from 0.4 for BLYP) and predicts a too small separation between the cage and bag isomers, B3PW91-D doubles the energy range to 5.7 kcal mol
21
, and B97-D gives both the wrong most-stable isomer and the wrong ordering.
The SSB-D results for the water hexamers are good, with the correct ordering of the different isomers but the relative energies are somewhat too large (with a mean unsigned error (MUE, between all pairs of isomers 10 ) value of 0.6 kcal mol Table 2 ). Interestingly, the best option for the choice of setting the s 6 parameter (either to one or different from one) remains unsolved. Both SSB-D (s 6 5 0.847455) and revSSB-D (s 6 5 1.0) predict the correct ordering, with a smaller MUE value observed for the latter. This might indicate that the best option should be setting s 6 to one. However, the other two well-working functionals, B3LYP-D and B2PLYP-D, follow both the Grimme approach with s 6 values of, respectively, 1.05 and 0.55. Moreover, the PBEsol-D functional with a s 6 value of 1.0 is unable the correctly predict the ordering of the isomers. Therefore, there is no clear preference for using either the Grimme (s 6 = 1.0) or the long-range (s 6 5 1.0) approach.
Noble Gas Dimers
One of the prototypical systems for studying weakly interacting systems is posed by the noble gas dimers, which are bound only by dispersion interactions. The resulting stabilization is, therefore, very weak and ranges in the order from 20.02 kcal mol 21 for He 2 to 20.38 kcal mol 21 for Kr 2 (see Table 3 ). For most of the density functionals without the dispersion correction, these systems are difficult to describe, i.e., they give unbound dimers with the noble gas atoms separated at large distances. This is for instance the case for BLYP, B3LYP, B3PW91 and surprisingly enough also the much heralded 43 B2PLYP. In contrast PBE and PBEsol work well and also OPBE gives bound dimers, albeit at elevated distances and with a severe underestimation of the binding energies. Inclusion of the dispersion correction improves in most cases (see Table 3 ), and leads in all cases to bound dimers with small deviations from the CCSD(T) reference data (see Table 3 ). Typical deviations from the CCSD(T) data are 0.1-0.3 Å for the mean absolute deviation (MAD) value in the distances, and 0.1-0.3 kcal mol 21 for the binding energies. Finally, SSB-D and revSSB-D perform quite well, especially the latter. Therefore, the bonding interactions in these very weakly bound systems are well described by the inclusion of the dispersion corrections.
Twelve C 12 H 12 Isomers
There have been a number of studies 32, [44] [45] [46] [47] [48] [49] on isomers of the C 12 H 12 hydrocarbon, which was all triggered by a report of the preparation and reactivity of D 3d -octahedrane. 44, 45 This latter compound was claimed to be the most stable C 12 H 12 isomer despite a considerable strain, 47 but this was later shown to be incorrect: dimethylnaphthalenes were even more stable. 46 Apart from the intriguing combination of considerable strain and stability contained in one and the same isomer, a more fundamental issue is at stake also. This is that one should reestablish 48 the confidence of chemists toward the use of computational methods for the description of energies of hydrocarbons and other larger organic molecules. Moreover, because one may consider unimolecular rearrangement transition structures as isomers of groundstate molecules, 47 the ability of a computational method to reproduce isomer energy differences has implications also for reaction barriers.
The relative stability at MP2 and CCSD(T) was, therefore, used as benchmark for comparing different density functionals, and reportedly, 47, 48 many functionals fail to give reliable hydrocarbon isomer energies. However, the reference energies at either MP2 or CCSD(T) show quite considerable variations among each other, which makes it difficult to get a straightforward and reliable set of reference data. This variation was not only observed between respectively the MP2 and CCSD(T) energies 47 but also between, e.g., the MP2 energies in different papers. , which is undesirable when using them to evaluate the performance of density functional methods. Moreover, for the dimethylnaphthalenes, which were shown to be more stable than the octahedrane, 46 no CCSD(T) data have been reported yet. Therefore, we have chosen 12 isomers of C 12 H 12 with quite different bonding patterns and which all contain at least one symmetry element (see Scheme 2, and Supporting Information Table S1 for the isomer names). Seven of these isomers are planar (2a-b, 2d, 2i-l) (note that isomer 2l has been constrained to be planar by using C 2v symmetry, but in reality, a more stable configuration might be obtained by slightly twisting the cyclopentadiene rings out of the plane; however, this does not affect the results obtained here because all calculations were performed on the same planar geometry), one of the nonplanar isomers (2c) has a cage structure, and two of the nonplanar isomers (2f, 2h) show (partial) intramolecular p-p stacking. For each of these isomers, we have optimized the geometry at MP2/cc-pVTZ and subsequently computed the relative energies at the CCSD(T)/CBS level (see below) and at DFT/aug 0 -cc-pVTZ using the MP2 geometries. Similar to the case for the water-hexamer isomers, 10 the molecular geometries were similar at either DFT or MP2. 47 For the CBS extrapolation of the CCSD(T) energies, we have used two different extrapolation schemes, one for the HartreeFock part and one for the correlation energy. For the Hartree-Fock energy, we used an extrapolation scheme 50 E HF,X 5 E a 1 E b Á e 2E c ÁX where E a , E b, and E c are parameters and X stands for the cardinal number of Dunning's correlation-consistent basis sets (X 5 2 for cc-pVDZ, X 5 3 for cc-pVTZ, and X 5 4 for ccpVQZ). Using these three basis sets, we have fitted the energies for each isomer separately to obtain the RHF/CBS energy (see Supporting Information Table S2 ). The extrapolation of the correlation energy 51 was then obtained from eq. (3), using the CCSD(T) energy obtained with the cc-pVTZ (X 5 3) and cc-pVDZ (Y 5 2) basis sets (see Supporting Information Table S2 ).
The resulting relative CCSD(T)/CBS energies for the 12 C 12 H 12 isomers are given in Scheme 2, which span a range of 122 kcal mol 21 . The most stable isomer is 2,7-dimethylnaphthalene 2b, followed by 1,8-dimethylnaphthalene 2a. Surprisingly, there is another isomer (2k) that is at CCSD(T)/CBS some 6 kcal mol 21 more stable than the octahedrane 2c, which itself is ca. 43 kcal mol 21 higher in energy than 2b. The CCSD(T)/CBS energies for the 2a-c isomers obtained here are quite close to the MP2 energies reported recently by Budzelaar and coworkers. 46 The most unstable C 12 H 12 isomer studied here is 2j, which results from the steric repulsion coming from three hydrogens that are all inside the ring, and are found at some 1.33 Å from each other. Indeed, the distance to the carbon to which they are attached is significantly smaller (1.04 Å ) than the one for other hydrogens (typically at 1.08 Å ) because of these steric interactions. Finally, the 2h isomer is more stable than the similar 2g isomer (87.2 vs. 90.8 kcal mol
21
, see Scheme 2) because of favorable intramolecular p-p stacking interactions that are present in 2h and absent in 2g.
Both Schleyer and coworkers 48 and Zhao and Truhlar 49 proclaimed M05-2X as the most reliable density functional for relative energies of hydrocarbons, which can now be checked also for this set of 12 C 12 H 12 isomers. Given in Table 4 is the error analysis for density functional methods with the aug 0 -cc-pVTZ basis sets compared to the reference CCSD(T)/CBS energies (see Scheme 2) , which were all obtained using the same MP2/ cc-pVTZ geometries. The M05-2X has an MAD value of 6.4 kcal mol 21 , which is considerably higher than might have been expected from the previous studies, where much smaller deviaScheme 2. Hydrocarbon C 12 H 12 isomers (symmetry) with relative CCSD(T)/CBS energies (kcal mol 21 ).
tions were reported. And although its MAD value is some 40-50% smaller than BLYP or B3LYP, it is also more than twice as large as the best density functional (PBEsol-D, MAD value of 2.8 kcal mol
). For these hydrocarbon isomer energies, the effect of the dispersion correction is again beneficial and leads in general to an improvement of some 15-30% in the MAD value. The only exception is B3PW91-D for which the MAD value drops even further, by 45% compared to B3PW91. An exceptionally poor performance is observed for B2PLYP and B2PLYP-D, which show MAD values of 7.8 and 6.2 kcal mol 21 respectively (see Table 4 ).
Good performance is observed for the SSB-D functional, which yields not only a small MAD value of 3.4 kcal mol . Together with OPBE, PBEsol, PBEsol-D, and revSSB-D, these functionals are the only ones that give a good prediction for this relative energy of 2g, namely, less than 3 kcal mol 21 (see Supporting Information Table S3 ), with the other functionals giving an error between 7 and 28 kcal mol 21 .
The maximum error for SSB-D is observed for the octahedrane 2c, which it predicts at too low energy. This isomer is, however, a difficult molecule for all density functional methods, which
give errors for its relative energy up to 43 kcal mol 21 . The only other problematic molecule for SSB-D is isomer 2d, which it predicts at too high energy. For all other isomers, SSB-D predicts the relative energy with a deviation between 0.2 and 2.6 kcal mol 21 .
Grimme's Difficult Systems
Grimme and coworkers proposed two difficult systems for density functional methods, i.e., the branching energy of linear versus branched octane and the dimerization of anthracene. The spin-component scaled MP2 gave good results, but none of the density functional methods they tested gave even the correct sign, let alone coming close to the actual reference value. The use of the dispersion correction was shown to be helpful but only in a very limited sense and did not result in good results either. Last year, we reported 19 that our SSB-D functional performs excellently for these difficult systems with predicted energies that are within 0.5 kcal mol 21 of the reference data. Not all of the density functionals we have used in this article have been tested for these challenging systems, which is why we return to them here. Similar to what we observed with an STO basis set, our SSB-D/aug 0 -cc-pVTZ results are excellent (see Table 5 ) with values of 11.5 kcal mol 21 for the branching energy and 19.6 kcal mol 21 for the dissociation of the anthracene dimer. The best estimates for the reference data are, respectively, 11.9 6 0.5 kcal mol 21 and 19 6 3 kcal mol 21 (see Table 5 ). . It can be seen that the dispersion correction is needed for this interaction, as in all cases it brings the branching energy value closer to the reference value. As already shown by Grimme and coworkers, none of the functionals without the dispersion correction works well, i.e., they give branching energies between 22.0 and 214.2 kcal mol
21
. The only exception is M05-2X, but this functional was explicitly parameterized (using 22 fit parameters) for a number of interactions, including p-p stacking, even though for this system it does not give as good a result as other functionals. Surprisingly, the PBEsol-D functional fails for this system of intramolecular dispersion, as it gives a branching energy of 20.5 kcal mol 21 and is thus the only dispersion-corrected functional that incorrectly favors linear octane over branched octane. In this case, SSB-D performs much better than revSSB-D.
For the dissociation energy of the anthracene dimer, which should be positive by ca. 9 kcal mol 21 and thus in favor of dimerization, the dispersion correction again helps to bring the value closer to the best estimate reference data. However, there are very few density functionals that are able to give an accurate prediction for this dissociation energy, which are SSB-D (19.6 kcal mol ), and the majority even gives the wrong sign (see Table 5 ). It is again striking that the much heralded 43 B2PLYP and its dispersion-corrected B2PLYP-D give disappointing results for the dissociation of the anthracene dimer, which was already reported before in ref. 49 . The problem is already present for B2PLYP that similar to other functionals without dispersion correction is unable to give the correct sign for this dissociation energy.
Stacking Energies of Adenine Dimers
Sponer and coworkers reported very recently a detailed study 53 on the binding energy of p-p stacked adenine dimers, in which they investigated nine parallel dimers and three nonparallel ones. We have selected three characteristic orientations (see Scheme 4), and again investigated them with all density functionals used so far in this article. As the reference CBS(T) energies (MP2/CBS corrected by DCCSD(T) obtained with a small basis set) were corrected for BSSE, we do the same here. Given in Table 6 is the error analysis for the list of functionals (full data are available in the Supporting Information in Supporting Information Table S4 ), which now also includes the TPSS-D data from the original paper. 53 Similar to the other systems we have studied so far, the dispersion correction plays a major role for a good description of these stacking interactions. For the functionals without it, errors of 6.7 to 18.6 kcal mol 21 are observed (see Table 6 ) and these functionals, therefore, completely fail for stacking interactions, as already noted before. 5 The only exception is M05-2X that gives an energy MAD of 3.6 kcal mol 21 , but this functional was parameterized against stacking energies so in principle does not need the dispersion correction. However, the inclusion of Grimme's dispersion correction does not correct these errors completely, as can be seen for e.g. 
Concluding Remarks
Our recently developed SSB-D functional yields highly satisfactory results for weakly bound systems, including the notoriously difficult systems that lead to dramatic failure in the case of other functionals. SSB-D, thus, outperforms the other functionals, including the new revSSB-D functional presented herein, and is confirmed as a solid all-round density functional (see also refs. 19, 27, 28, 31) .
This follows from our investigations on the performance of several density functional methods for intra-and intermolecular dispersion interactions. For most functionals, we have studied the performance both with and without Grimme's empirical dispersion correction. The functionals were applied to a wide variety of systems, which consist of water-hexamer isomers, noble-gas dimers, hydrocarbon C 12 H 12 isomers, the branching energy of linear versus branched octane, dissociation of the covalently bound anthracene dimer, and stacking within the adenine dimer. For all of these systems, it was shown that adding the dispersion correction is beneficial. However, because of the intrinsic differences in the original uncorrected functionals, there remain sizeable differences between the results from the different density functionals. Likewise, the deviation from reference data obtained at CCSD(T)/CBS or with experiments, also varies considerably. Without dispersion corrections, the deviations from the reference data is very large, i.e. up to 4. ). The same pattern of working well for some systems but combined with dramatic failure for others is also observed for other functionals like PBEsol-D and surprisingly also the B2PLYP-D functional. This latter functional is often heralded as the ''best'' density functional but is found to give large errors for the 12 C 12 H 12 isomers and the dimerization of anthracene. Almost all density functionals give substantial to large deviations from the reference data for at least two systems, 
